Antibodies directed against Pfs25, a protein present on the surface of zygotes and ookinetes of Plasmodium falciparum, completely block pathogen transmission. We evaluated the immunomodulatory effect of CpG oligodeoxynucleotides (ODN) on the immunogenicity of recombinant Pfs25 (rPfs25) formulated in alum (Al). Immunization of mice with rPfs25 plus CpG ODN improved both the antibody titer (a 30-fold-higher antibody response than that with rPfs25-Al alone) and avidity. Coadministration of CpG ODN dramatically enhanced the titer of immunoglobulin G2A (IgG2a) compared to the titer of the IgG1-dominant response caused by rPfs25-Al alone, and the sera from the CpG ODN-coadministered group completely blocked the transmission of P. falciparum parasites to mosquitoes, as determined by membrane feeding assays. However, transmissionblocking experiments revealed that blocking efficacy was dependent on high-titer antibody levels, independent of isotypes. These results suggest that CpG ODN can be used as an adjuvant to enhance the immunogenicity of rPfs25 as a malaria transmission-blocking vaccine.
Transmission-blocking immunity against malaria targets sexual stages, including gametocytes that are formed during the erythrocytic phase of the malaria life cycle and further developmental stages of the parasites in the mosquitoes. The male and female gametocytes ingested in the blood meal rapidly undergo gametogenesis and fertilization and develop into oocysts that eventually produce infective sporozoites. Thus, antibodies directed against sexual-stage-specific surface antigens, when ingested in the blood meal, can block the parasite development in the mosquito vector (3, 12, 21) .
Plasmodium falciparum surface protein 25 (Pfs25) is one of the leading candidates for the development of malaria transmission-blocking vaccines (1, 2, 6, 28) . Pfs25, a cysteine-rich 25-kDa surface protein with four tandem epidermal growth factor-like domains, is expressed at the onset of gametogenesis in the mosquito midgut and the expression continues through zygote-ookinete transformation (14) . Immunization in mice and nonhuman primates by using Pfs25 expressed in recombinant vaccinia virus or in a yeast secretory system (known as TBV25H) elicited antibodies that recognized critical conformational epitopes and completely blocked infectivity of gametocytes in the mosquitoes (1, 15, 16, 32) .
There are however, several obstacles to be overcome for the development of vaccines based on recombinant Pfs25 (rPfs25). First of all, since it is expressed in the parasite stages occurring in the mosquitoes, antibodies in the vertebrate host against Pfs25 need to be present at high titer and to be long lasting, due to lack of natural boosting. Second, epitopes recognized by blocking antibodies are reduction sensitive and conformation dependent, thus requiring expression in nonbacterial systems (1, 15) . Third, rPfs25 expressed in Saccharomyces cerevisiae (TBV25H), when adsorbed to aluminum hydroxide as a clinical-grade vaccine for human use, produced a low level of antibodies that did not block transmission of P. falciparum to mosquitoes (31) .
Our laboratory has tried to overcome some of the above problems and improve the immunogenicity and efficacy of Pfs25 vaccines by using a DNA-based vaccination strategy in mice and nonhuman primates (5a, 22) . It is widely believed that the immunogenicity of DNA vaccines is in part due to the presence of immunostimulatory sequences containing CpG motifs. It is also well established that the synthetic oligodeoxynucleotides containing unmethylated cytosine-phosphateguanosine motifs (CpG ODN) act as an adjuvant improving the immunogenicity of protein antigens as well as reducing the amount of antigen required (4, 19, 23, 35) . Coadministration of CpG ODN together with protein antigens has produced promising results against several microbial diseases (4, 9, 11, 19, 23, 25, 35) . The CpG ODN, which are underrepresented and methylated in vertebrate DNA, cause direct activation of B cells, natural killer cells, and professional antigen-presenting cells, so that they proliferate and/or secrete cytokines, chemokines, and immunoglobulins (reviewed in references 17, 20, and 34). It has recently been shown that cellular responses to CpG DNA are mediated via Toll-like receptor 9 (8, 10, 33) .
In the present study we evaluated the effect of CpG ODN on the immunogenicity of rPfs25 expressed in S. cerevisiae. In addition, we also wished to evaluate the effect of immunoglobulin G (IgG) isotypes affected by CpG ODN (4, 19) on P. falciparum transmission-blocking activity.
CpG ODN enhances anti-Pfs25-specific antibody responses.
To test the immunomodulatory effect of CpG ODN, 5 g of yeast-derived rPfs25 (TBVPfs25H) kindly provided by the Malaria Vaccine Development Unit (National Institutes of Health) under MTA (13, 32) was chosen for immunizations based on the previous studies that used 1 to 25 g of rPfs25 (7, 32) . ODN were synthesized as described earlier (18) . CpG ODN had the sequences GCTAGACGTTAGCGT and TCAACGTTGA, where CpG motifs are underlined. Control ODN (non-CpG ODN) had the same sequences, except that the CpG motifs were switched to GpC.
Female (6-to 8-week-old) BALB/c mice (five mice per group) were immunized intraperitoneally as follows: 5 g of rPfs25 in phosphate-buffered saline alone, formulated with alum (Al) (aluminum hydroxide gel; protein/Al ratio ϭ 1/16), with Al plus 50 g of CpG ODN (equal amounts of two CpG ODN), and with Al plus 50 g of non-CpG ODN and only 50 g of CpG ODN plus Al without protein in 100 l of phosphate-buffered saline solution. The protein was adsorbed to Al by dropwise addition while being vortexed gently, followed by incubation for 30 min at room temperature before injections. Mice were boosted 4 and 12 weeks later with the same dose regimen, and sera were pooled from all five mice within a group for enzyme-linked immunosorbent assays (ELISA) and transmission-blocking assays (see below; smaller serum volumes prohibited analysis for each animal individually) (5, 22) . Two weeks after the first boost, the Pfs25-Al ϩ CpG ODNimmunized group had 30-and 15-fold-higher antibody responses than did the Pfs25-Al and Pfs25-Al ϩ non-CpG ODN groups (1,024,000 reciprocal serum dilutions versus 32,000 and 64,000, respectively) (Fig. 1A) . Moreover, the elevated antibody response in the CpG ODN-coadministered group was detectable even after primary immunization (Table 1) . Sera from Pfs25 alone (no Al) or CpG ODN ϩ Al-immunized mice showed no detectable Pfs25-specific antibody responses (Fig.  1A) . Consistent with the previous reports (4, 19) , only the CpG ODN-coadministered group had elevated levels of IgG2a (Fig.  1B) , whereas Pfs25-Al ϩ non-CpG ODN immunization elicited a dominant IgG1 response similar to that for the Pfs25-Al-immunized group.
CpG ODN alter the avidity of Pfs25-specific antibodies. To determine the quality of antibody responses (reflected in the affinity and avidity) in each group, we conducted a sodium thiocyanate (NaSCN, a chaotropic agent) avidity assay. To test antibody avidity, various concentrations (0, 0.5, 1, 1.5, 2, 3, and 4 M) of sodium thiocyanate washes were used in the standard ELISA protocol as described elsewhere (22) . The initial optical density without an NaSCN wash represented effective total binding of specific IgG, and subsequent optical densities in the FIG. 1. Pfs25-specific antibody responses in mice. BALB/c mice (five/group) were immunized intraperitoneally (details in Materials and Methods). Four weeks later each group was boosted with the same dose regimen and sera were collected 2 weeks after each boost, pooled, and analyzed by ELISA. (A) Pfs25-specific total IgG responses. The results are expressed as mean Ϯ standard deviation of duplicate wells. End point titers were defined as the highest serum dilution giving optical density readings at 405 nm (OD 405 nm) greater than the optical density of preimmune serum ϩ 2 standard deviations. (B) Isotype analysis of Pfs25-specific antibodies. Pooled mouse sera from each group were studied at 1:10,000 dilutions. The results are expressed as mean Ϯ standard deviation of triplicate wells. presence of various concentrations of NaCSN were converted to the percentage of total bound IgGs. The binding of antibodies with lesser avidity to antigen is disrupted at concentrations of NaSCN lower than for antibodies with greater avidity. The 50% effective dose of NaSCN in the Pfs25-Al ϩ CpG ODN-immunized group was greater than those for the Pfs25-Al-or Pfs25-Al ϩ non-CpG ODN-immunized group (1.0 versus Ͻ0.5 M, respectively) (Fig. 2) . To analyze whether higher avidity of antibodies from the Pfs25-Al ϩ CpG ODN-immunized group was due to a higher level of IgG2a antibodies, we also studied the avidity of isotype-specific immunoglobulins. We found that the avidity of the IgG1 isotype antibody in the Pfs25-Al ϩ CpG ODN-immunized group was greater than that of the IgG1 isotype antibody in other groups (data not shown). However, different antibody isotypes within the Pfs25-Al ϩ CpG ODN-immunized group had distinctive avidity binding. The IgG2a isotype antibody had lower avidity than did IgG1-type isotypes (0.5 and 1.5 M, respectively) (Fig. 2B) . Effectiveness of Pfs25-Al ؉ CpG ODN-immunized sera in transmission-blocking assays. The membrane feeding assay is the only method to assess the transmission-blocking activity of the sera against Plasmodium (12) . Reduction of parasite transmission is reflected by the reduced oocyst formation in mosquito midguts. Pooled mouse sera from each group were mixed with in vitro-cultured mature P. falciparum (strain NF54) gametocytes (14 to 18 days old) and were fed to Anopheles stephensi mosquitoes (22) . Mosquitoes were allowed to engorge blood and serum mixtures for 15 min thorough a Parafilm membrane warmed to 39°C by a glass water jacket. Blood-fed mosquitoes were maintained at 26°C and 60 to 80% relative humidity, and midguts were examined 7 to 9 days later for the presence of oocysts by microscopy. After one boost, the Pfs25-Al-immunized group had statistically significant blocking activity (ϳ73%), as determined by the reduced oocyst numbers (P Ͻ 0.001 with the Mann-Whitney U test) ( Table 2 ). On the other hand, the antibodies in the Pfs25-Alϩ CpG ODN-immunized sera completely blocked the infectivity of P. falciparum gametocytes to mosquitoes (100% blocking, P Ͻ 0.001 with Mann-Whitney U test) (in two independent membrane feeding assays, we found only one highly degenerated oocyst in a single mosquito). In contrast, transmission-blocking activity of sera from the Pfs25-Alϩ non-CpG ODN group was only ϳ58% (P ϭ 0.016 with Mann-Whitney U test). Further twofold dilution of sera from the Pfs25-Alϩ CpG ODN-immunized group (after the first boost) resulted in reduced blocking activity in a dilution-dependent manner (data not shown).
To evaluate whether the effect of CpG ODN on the blocking b The geometric mean oocyst number of the test group divided by that of the preimmune-serum group ϫ 100.
c Statistically significant by the Mann-Whitney U test (P Ͻ 0.001 for the Pfs25-A1 and Pfs25-A1 ϩ CpG groups and P ϭ 0.016 for the Pfs25-A1 ϩ non-CpG group).
d Statistically significant difference compared to Pfs25-A1 and Pfs25-A1 ϩ non-CpG-immunized groups by the Mann-Whitney U test (P Ͻ 0.001).
activity was due to high IgG2a isotype levels or simply total IgG levels, all groups of animals were boosted once more with the same dose regimen. The sera obtained 2 weeks after the second boost were studied for the antibody responses by ELISA. As shown in Table 1 , antibody levels were boosted further in the mice immunized with Pfs25-Al and Pfs25-Al ϩ non-CpG ODN. The mean antibody titer in the non-CpG ODN-coadministered group was as high as that in the CpG ODN-coadministered group, remaining comparable in both groups even 6 months after the second boost ( Table 1) . The isotype profile in all groups did not change after the second boost (data not shown).
In view of the observed increase in the antibody responses after the second boost, we evaluated them in membrane feeding assays at three different dilutions (1:6, 1:12, and 1:24). As shown in Table 3 , sera from the Pfs25-Al ϩ non-CpG ODNimmunized group (2 weeks after the second boost) also resulted in significant transmission reduction similar to that in the Pfs25-Al ϩ CpG ODN-immunized group at 1:6, 1:12, and 1:24 serum dilutions (P Ͻ 0.001 with the Mann-Whitney U test) (Table 3) . Once again the blocking activity was concentration dependent, as revealed by higher infectivity at 1:12 and 1:24 dilutions.
In this study, we showed that the coadministration of CpG ODN with Pfs25 formulated in Al elevated antibody responses even after primary immunization (Table 1) . Al is needed to cross-link the ODN to the antigen, without which the ODN quickly migrate from the site of administration (19, 23, 24, 26) . This enhancement of the immunogenicity was further revealed by much higher titers and avidity of Pfs25-specific antibodies in the animals immunized with Pfs25-Al ϩ CpG ODN. Consequently, the transmission-blocking activity in this group was superior to that in the other two groups. This may be a reflection of the immunomodulatory effect of CpG ODN resulting in antibody avidity maturation and possibly isotype switching. The antibody levels in the CpG ODN-coadministered group rapidly reached a plateau after the first boost and did not change after the second boost, but transmission-blocking activity of antibodies remained effective after the second boost even at higher dilutions.
One of the major aims in this study was to take advantage of the Th1-biased immune effect of CpG ODN and to explore the possible role of IgG isotypes in transmission-blocking immunity. It has been shown previously that IgG2a is an important isotype for transmission-blocking monoclonal antibodies recognizing another target antigen, Pfs230 (29) . Immunoglobulin isotypes after the first boost showed a great discrepancy between groups (IgG2a and IgG1 for Pfs25-Al ϩ CpG ODNimmunized group, whereas IgG1 was predominant for Pfs25-Al-and Pfs25-Al ϩ non-CpG ODN-immunized groups). Overall, the IgG1 isotype antibodies in the CpG ODN-administered group had higher avidity than did those in the other groups (data not shown), and the avidity of IgG2a isotypes was lower than that of IgG1 isotypes in the CpG ODN-coadministered group (Fig. 2B) . To evaluate the possible effect of increased IgG2a levels on transmission-blocking activity, we boosted mice in all the three groups once more with the same regimen. The level of IgG antibody in the Pfs25-Al ϩ non-CpG ODN-immunized group increased to levels comparable to those in the Pfs25-Al ϩ CpG ODN-immunized group, although the isotype profiles in the various groups remained similar to that before the boost (data not shown). Evaluation of sera after the second boost suggested that, despite the differences in the isotype distribution among the three groups, sera from all the three groups possessed transmission-blocking activity. Our results suggest that the high level of antibody responses is a more critical determinant for transmission-blocking activity irrespective of isotypes.
Adjuvants can strongly influence the outcome of an immune response. For example, Al is classified as a Th2-type adjuvant (high IgG1), whereas CpG ODN is a Th1-type adjuvant (high IgG2a) (4, 27) . Recently, it has been found that ODN without CpG motifs can also function as adjuvant and elicit antigenspecific Th2 responses (24, 30) . The latter was further confirmed in our studies: non-CpG ODN when administered together with rPfs25 plus Al induces antibody responses greater than does Pfs25-Al alone and antibodies (IgG1 dominant) are effective blockers of transmission of P. falciparum (Table 3 ). In general, CpG ODN has been found to be a safe and effective adjuvant in animals (11, 18, 35) and is currently in human clinical trials with promising results (information found at the Coley Pharmaceutical Group company website, http://www-.coleypharma.com/wt/coley/clinical_program). Similarly, in our experiments we did not observe any apparent toxicity of CpG ODN when it was coadministered with rPfs25 and support further studies to evaluate CpG ODN as adjuvants for an rPfs25 transmission-blocking vaccine candidate.
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